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ABSTRACT X-ray absorption ﬁne structure is a powerful tool for probing the structures of metals in proteins in both crystalline
and noncrystalline environments. Until recently, a fundamental problem in biological XAFS has been that ad hoc assumptions
must bemade concerning the vibrational properties of the amino acid residues that are coordinated to themetal to ﬁt the data.Here,
an automatic procedure for accurate structural determination of active sites of metalloproteins is presented. It is based on direct
multiple-scattering simulation of experimental X-ray absorption ﬁne structure spectra combining electron multiple scattering cal-
culations with density functional theory calculations of vibrational modes of amino acid residues and the genetic algorithm differ-
ential evolution to determine a global minimum in the space of ﬁtting parameters. Structure determination of the metalloprotein
active site is obtained through a self-consistent iterative procedure with only minimal initial information.
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Metalloproteins constitute ;30% of all total known
proteins in nature (1). Their active sites typically consist of
a metal ion center that is coordinated to various amino acid
residues. Structural information of metalloproteins is probed
by x-ray crystallography, x-ray absorption ﬁne structure
(XAFS) (2–3), and a variety of spectroscopic techniques. Al-
though x-ray crystallography is the primary probe for protein
structure, its utility in providing accurate metalloprotein
structural information is limited to availability and quality of
crystalline samples.XAFSprovides complementary local struc-
tural information about a selected metal ion for molecules in
solution as well as crystals and polycrystalline samples (4).
Obtaining structural information for Zn sites from conven-
tional spectroscopic methods is difﬁcult or impossible.
Signiﬁcant advances have been made in recent years in
XAFS theory and experimental technology; however, bio-
logical XAFS has not achieved its full potential due to limi-
tations on data analysis and modeling of the experimental
XAFS spectra. Structural information is usually obtained by
XAFS when experimental spectra are ﬁtted by a theoretical
model that describes a hypothetical structure by a set of adjust-
able parameters (e.g., the edge-energy shift DE0, the ampli-
tude reduction factor S20, the absorber- ith scatterer distances
Ri, and the mean-square variations of electron single- (SS)
and multiple- (MS) half-scattering paths s2j (5). Clark-
Baldwin et al. (6) had described the difﬁculty of correctly
modeling Zn active sites due to the high parameter correla-
tion during XAFS data analysis (e.g., a ZnCys3O site has been
incorrectly modeled with tetrahedral ZnS4 (7), and ZnCys4
was incorrectly modeled as ZnS3O (8)) even in highly symmet-
rical conformations when MS is minimal. This is due to the
presence of multiple solutions that are consistent with the ex-
perimental XAFS spectra within the uncertainties. This situa-
tion substantially worsens whenMS dominates, which usually
occurs when the x-ray absorbing metal atom is almost collin-
ear with two other scatterers (e.g., metal-histidine complexes).
In this case, the number of s2j parameters signiﬁcantly ex-
ceeds the limited information content in the XAFS data (9),
and additional information or assumptions must be provided.
An attempt to reduce the number of MS ﬁtting parameters
on active site of metalloproteins was reported by Dimakis
and Bunker (10) by expressing the SS and MS s2j as a direct
function of the ﬁrst shell metal-amino acid residue distance,
and the sample temperature thus virtually eliminating these
parameters from the ﬁtting procedure. This has been
achieved by calculating the phonon normal mode properties
on a series of small metal-amino acid model compounds at
various metal-ﬁrst shell scattering atom distances using den-
sity functional theory (DFT) (11). However, parameter reduc-
tion alone is not sufﬁcient to avoid obtaining an incorrect
structure via XAFS especially for cases of unknown metallo-
proteins where the information about the actual identity of
the amino acids and their apparent distances from the known
central absorbing metal is limited. We have developed an
automatic iterative technique where a series of XAFS x(k)
spectra from hypothetical structural conformations is directly
ﬁtted to the experimental XAFS spectra using 1), the global
ﬁtting genetic algorithm ‘‘differential evolution’’ (DE) (12)
to minimize the mean-square error,
e
2 ¼ +
N
i
ðk3i ðxðkÞthi  xðkÞexpi ÞÞ2=N; (1)
between x(k) XAFS spectra of hypothetical and experimen-
tal spectra, and concurrently 2), eliminate the numerous SS
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and MS s2j factor parameters from the ﬁtting procedure (Fig.
1, left). The process is fully ab initio and only depends on the
choice of the absorbing metal.
The method is tested using two Zn metalloprotein active
sites: the homogeneous ZnCys4 and the heterogeneous
ZnCys3His ligation, either modeled as tetrahedral com-
pounds. Structural information for these samples had been
obtained by Clark-Baldwin et al. (6) using traditional least-
squares approximation where 1), the number of available ﬁt
parameterswas restricted (DE0¼ 9 eV, S2f0;Sg ¼ 1.02, S2f0;Ng ¼
0.85), during ﬁtting to avoid wrong identiﬁcation of the
ligation, and 2), MS was ignored. To prove the validity of our
technique and to avoid any bias over the selection of the initial
parameter guess, the DE vector parameters have been chosen
within the followingwide range intervals:RCys¼ (2.1–2.6) A˚,
RHis ¼ (1.8–2.5) A˚, DE0 ¼ 620.eV, S20 ¼ 0.5–1.5, and
Ds2¼ ðð1:Þ4:Þ3 103 A˚2, whereDs2¼s2j;actuals2j;DFT
accounting for statics2 andmiscalculations on thes2j;DFT. Each
metal-ligand distance has been treated as an independent
parameter. Although there has been no clear argument on how
the DE process formally terminates, one can assume that this
successfully occurs when the parameters of the ﬁnal DE
population are within an acceptable small range. In our case,
we have set the following criteria for the ﬁnal DE population:
DE0 ¼ 61.5 eV, S20 ¼ 60.05, average ligand distance R ¼
60.002 A˚, whereas no criteria apply to the Ds2 parameter.
Allowing parameter variation within the above intervals,
the optimal DE vector ﬁts for either sample has been obtained
after 316 and 234 steps, respectively; the process may
terminate earlier by selecting smaller parameter variation
ranges (Fig. 1, right). These automatic high quality ﬁts pro-
vide e2 values of 0.655 and 0.670 for the homogenous and
heterogeneous structures, respectively, which are higher than
the corresponding values reported for the same compounds
under conventional least-squares ﬁtting (Table 1). This is due
FIGURE 1 (Left) Fitting procedure. (A). DE population consists of randomly generated DE parameter vectors {Ri, DE0, S20, Ds
2
j }. (B) A
new DE vector is generated from three other DE vectors of the initial population. (C) A trial DE vector is produced through a crossover
operation. (D) 1), This DE vector is sent to the Tool Command Language (TCL) script and a hypothetical structure is generated; 2), x(k)
FEFF8- (13) generated spectra are produced and their scattering paths information is sent back to the TCL script; 3), s2j are calculated
by the TCL script for all-important SS/MS paths; and 4), x(k) with DWF information are generated. (E) The corresponding error ﬁt is
calculated. The process 1–4 is repeated for the target vector. If the error ﬁt e2 from the trial vector is less than the corresponding error ﬁt
from the target vector, the trial vector replaces the target vector in the DE population. (Right) Optimal DE four shell ﬁts for a), ZnCys4
and b), Zn-Cys3His tetrahedral geometries at 40 K. Fitting is performed over actual unﬁltered experimental x(k) k
3 XAFS spectra with
noise at k-range 0–12.5 A˚1 for a), 60 and b), 110 scattering paths, respectively.
TABLE 1 Optimal DE vector and error information compared
with traditional least-squares ﬁtting from XAFS (6) and x-ray
diffraction (XRD) (14); parameters from DE and XAFS are at 40 K
ZnCys4 ZnCys3His
Parameters DE XAFS XRD DE XAFS XRD
RCys (A˚) 2.338 (18) 2.30 2.36 (2) 2.338 (13),
2.087
2.28, 2.11 2.31 (6)
DE0 (eV) 10.47 9.00 10.24 9.00
S20 0.843 1.02 0.888 1.02, 0.85
Ds2 (103 A˚2) 0.01 § 0.05 §
Error e2 0.655* 0.508z 0.670* 0.341
0.418y 0.499y
*Fit over raw x(k) spectra without ﬁltering and Fourier ﬁltering of yDR ¼
4.5 A˚; zDR ¼ 1.5 A˚ was used.
§s2 ¼ 3.9 (103 A˚2) as obtained from ﬁtting with experimental EXAFS
spectra. This value is reduced to 3.56 (103 A˚2) due to McMaster correc-
tion on the experimental EXAFS spectra. The latter value is very close to
s2DFT  3.32 (103 A˚2) obtained by the DE algorithm.
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to 1), noise included in the DE ﬁtting procedure (XAFS x(k)
spectra are unﬁltered) and 2), increasing number of param-
eters on a two-shell reﬁnement reduces the e2 value in the
least-squares ﬁtting algorithm.An improvement in the error e2
does not necessarily lead to improved data description: e2may
systematically be reduced by performing a Fourier ﬁltering on
the XAFS x(k) spectra. Average radial ﬁrst shell distances
obtained from the DE algorithm are in agreement with pre-
vious XAFS calculations and XRD. Analysis of the optimal
DE population reveals the reliability of the structural param-
eters obtainedwith ourmethod; focusing on the region of zero
Ds2, the average ﬁrst shell radial distance is ,5/1000 A˚
(Fig. 2). Additionally, these vectors possess e2 values within
,% with respect to the value of the DE optimal vector.
Our method is general: it can be applied to any metallo-
protein or hemoprotein as long as the SS and MS s2j values
have been accurately expressed as a function of the ﬁrst shell
distance and sample temperature.
The code will be available upon request from the authors.
SUPPLEMENTARY MATERIAL
An online supplement to this article can be found by visiting
BJ Online at http://www.biophysj.org.
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FIGURE 2 Average RCys variation versus Ds
2
parameter for the optimal DE population for a),
Zn-Cys4 and b), Zn-Cys3His, respectively. Colors
refer to percentage errors with respect to the e2
valueof theoptimalDEvector.Small averagemetal-
ligand distance variation (<1/100 A˚) is followed by
substantial variation on the Ds2 parameter due to
high correlation among the individual metal-ligand
distances and Ds2, thus verifying the presence of
multiple solutions within the EXAFS uncertainties.
OptimalDEvector corresponds toDs2… 105 A˚2 for
either sample.
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